Abstract: High dietary protein has been hypothesized to cause lower bone mineral density (BMD) and greater fracture risk. Previous results are conflicting and few studies have assessed potential differences related to differing protein sources. Objective: To determine associations between total protein intake, and protein intake by source (dairy, non-dairy animal, plant) with BMD, BMD change, and incident osteoporotic fracture. Design/Setting: Prospective cohort study (Canadian Multicentre Osteoporosis Study). Participants/Measures: Protein intake was assessed as percent of total energy intake (TEI) at Year 2 (1997-99) using a food frequency questionnaire (N=6510). Participants were contacted annually to ascertain incident fracture. Total hip and lumbar spine BMD was measured at baseline and Year 5. Analyses were stratified by group (men 25-49 y, men 50+ y, premenopausal women 25-49 y, and postmenopausal women 50+ y) and adjusted for major confounders. Fracture analyses were limited to those 50+ y. Results: Intakes of dairy protein (with adjustment for BMI) were positively associated with total hip BMD among men and women aged 50+ y, and in men aged 25-49. Among adults aged 50+ y, those with protein intakes of <12% TEI (women) and <11% TEI (men) had increased fracture risk compared to those with intakes of 15% TEI. Fracture risk did not significantly change as intake increased above 15% TEI, and was not significantly associated with protein source. Conclusions: In contrast to hypothesized risk of high protein, we found that for adults 50+ y, low protein intake (below 15% TEI) may lead to increased fracture risk. Source of protein was a determinant of BMD, but not fracture risk.
Introduction
Fractures, especially fragility fractures resulting from low trauma, are the primary health risk of osteoporosis (1) . Current guidelines for protein intakes among adults specified in the Institute of Medicine Dietary Reference Intakes include a Recommended Dietary Allowance (RDA) of 0.8 g/kg based on maintenance of nitrogen balance, and an Acceptable Macronutrient Distribution Range of 10-35% of total energy intake (TEI), which recognizes the role of protein as an energy source (2) . Maintenance of muscle and bone strength across the lifespan was not specifically considered as an endpoint for establishing protein requirements. High dietary protein has been associated with increased urinary calcium (3) , and this was hypothesized to be the result of a high dietary acid load causing increased bone resorption. However, careful calcium balance studies have not shown that bone is the source of this calcium since calcium absorption may also increase (4) . In fact, a recent review concluded that the dietary acid load hypothesis was not supported by the evidence (5) .
There have been several large cohort studies assessing the cross-sectional association between protein intake and bone mineral density (BMD) (6) (7) (8) . The balance of evidence from both small and large cross-sectional studies as assessed in a meta-analysis of Darling et al. (9) suggests there is either no association or a small positive association between protein intakes and BMD. Among the two longitudinal studies with larger sample sizes, Hannan et al. (10) reported that low protein intake was associated with increased bone loss, but in contrast Rapuri et al. reported no statistically significant association (6) . This heterogeneity of results could be related to source of the protein. In a large US study considering fracture outcomes in women, Feskanich et al. (11) found inconclusive evidence relating dietary protein (total, animal-based, plant-based) and hip fracture, i.e. higher protein could be associated with increased risk (at least 10% higher), similar risk (within 5% of null effect), or reduced risk (at least 10% lower). Meyer et al. (12) tested the association between animal protein intake and hip fracture in a large cohort of Norwegian men and women, and again found inconclusive results. A third study of Munger et al. (13) found that both higher animal protein and higher total protein were associated with lower risk of hip fracture while vegetable protein was potentially associated with higher risk of hip fracture. The study of Feskanich et al. (11) also considered forearm fracture and found that higher animal protein and higher total protein were associated with increased risk of forearm fracture, a fracture much more likely in their younger (35- (15) , but this study should be viewed as suggestive due to low total number of fractures.
The purpose of this analysis was to determine the associations between total protein intake and protein intake by food source (dairy, non-dairy animal, plant) with BMD among men and women aged 25 y and older, and incident fracture risk among men and postmenopausal women aged 50 y and older.
Methods

Setting
The study setting was the Canadian Multicentre Osteoporosis Study (CaMos), an on-going prospective cohort study recruited from 1995-97 (www.camos.org). Households were randomly selected from a list of residential phone numbers within a 50-kilometer radius of one of nine Canadian cities and participants were randomly selected from eligible household members (age 25 years and older) using a standardized protocol. Of all those randomly selected, 42% agreed to full participation and completed a standardized interviewer-administered questionnaire (CaMos questionnaire ©1995) at baseline. The questionnaire, designed to capture detailed information about risk factors for fracture, assessed demographics, general health, nutrition, reproduction, medication use and medical history. Supplement and medication use was derived from an inventory of prescriptions and containers brought to the interview. The baseline interview also included anthropometrics, BMD and spine radiographs. Height was measured without shoes, using a height rod mounted on beam balance scale, a wall-mounted stadiometer, or a ruler on the wall. Weight was measured in light clothing using a beam balance or electronic scale. Body mass index (BMI) was calculated as weight(kg)/height(m) 2 . Ethics approval was granted through McGill University and the appropriate ethics review boards for each participating center. All participants gave written informed consent in accordance with the Helsinki declaration.
Study sample
Participants from CaMos were eligible for the present analysis if the Year 2 (1997-99) food frequency questionnaire had fewer than 10 missing responses (N=6510), with exclusions detailed in Figure 1 . Those with extreme energy intake (<500 or > 5000 kcal/d) were excluded from the regression analyses (16) . For Year 5 (2000-02) BMD outcomes, separate analyses were performed by sex and age-group (25-49 y and 50+ y at baseline), and excluded users of oral/intravenous corticosteroids. We restricted the analyses in women to premenopausal women 25-49 y and postmenopausal women 50+ y, as menopausal status is one of the strongest determinants of bone loss (17) . Due to low fracture incidence in the younger cohorts, the analysis for incident fracture included postmenopausal women aged 50+ y and men aged 50+ y at baseline. The fracture analyses excluded those who had fracture between baseline and Year 2, or discontinued the study after Year 2.
Figure 1
Flowchart detailing Canadian Multicentre Osteoporosis Study participants with exposure assessment at Year 2, exclusions from the regression analyses for BMD and fracture outcomes, and study sample size for each outcome
Food Frequency Questionnaire (FFQ)
The FFQ used in CaMos for the Year 2 follow-up was derived from items on the short form Block questionnaire (18) with modifications according to the Canadian diet. A standard portion size was specified with frequency ranging from never/ less than once a month to 6 or more times per day. The main variables used in this study were derived from the food and beverage portion of the questionnaire; there were 51 food items and 18 beverage items. Total energy intake (TEI) and protein intake were calculated by using the frequency and specified portion size from the questionnaire together with content information from the Canadian Nutrient File (19) . Where multiple foods were listed in a single question, we used the mean value for all listed foods. Protein intake was divided by source: dairy, non-dairy animal (meat, poultry, eggs, fish), and plant-based (grains, legumes, nuts, vegetables).
Bone mineral density BMD was measured at the lumbar spine (L1-L4) and total hip by dual energy x-ray absorptiometry. At baseline seven centers had Hologic densitometers and two centers had Lunar densitometers. The same machine was used at baseline and Year 5 in all centers. All Lunar measurements were converted to equivalent Hologic values using standard reference formulas (20) . Daily quality control to assess for longitudinal drift at each center was done by scanning a local machine-specific phantom. The threshold for longitudinal change was defined as a 1% difference from the calibration point and seven of the nine machines remained within the limits; Hamilton and Toronto both needed a one-time correction in longitudinal calibration.
Machines were also cross-calibrated using measurements from an anthropomorphic phantom that was circulated between centers during each measurement cycle.
Fracture assessment
Self-reported incident clinical fractures were identified by annual postal questionnaire up to Year 15 or by intervieweradministered questionnaires at the scheduled interviews (in the 3rd, 5th and 10th years after study entry). Further information concerning each fracture was gathered using a structured interview that included the date, fracture site, circumstances leading to the fracture and its management. Participants who reported fractures were asked for consent to contact the treating physician or hospital for further confirmation.
All incident clinical fractures between the FFQ (Year 2, 1997-99) and Year 15 follow-up (September 2012) were included, with the exception of fractures of the skull, face, hands, ankles, and feet (as is customary in osteoporosis-related fracture analysis). Fragility (low-trauma) fractures are those involving trauma less than or equivalent to fall from standing height. Main fracture refers to the four fracture sites designated by the World Health Organization (hip, forearm, clinical spine and humerus) (21) .
Statistical methods
Missing responses on the FFQ were imputed using median intake. We used imputed values for 1.3% (5655/449,190) of the FFQ responses. In sensitivity analysis, we compared imputation of the median intake vs. imputation of no intake for missing values and found a very high correspondence for total calories, total protein and protein by source (Pearson r=0.999). Multivariate linear regression models were used to examine the association between protein intake (as a percentage of TEI) with the Year 5 BMD and with BMD change over time (ΔBMD = Year 5 value -baseline value) as outcomes. Multivariate Cox regression models were used to examine the association between the protein intake (as a percentage of TEI) with the incident fragility fractures and incident main fractures. Person-time for this analysis included the period from entry (Year 2) to exit time (earliest date of: incident fracture, death, loss to follow up or end of the study period). The proportional hazards assumption was assessed. All continuous covariates were assessed for non-linearity. There was a non-linear relationship between protein intake and incident fracture, notable when using both quartiles (pre-specified) and a restricted cubic spline model. We supplemented the usual strategy of using quartiles to account for non-linearity with spline models since spline models do not involve loss of information and therefore can provide a more detailed picture of the non-linear association.
Models were stratified by sex and age, and age was included as a covariate in the linear regression models and as the main time axis in the Cox model. To further control for confounding, we included a priori specified covariates in the final model (sample size permitting) in a complete case analysis. The specified covariates were TEI, study center education, height, smoking, alcohol intake, physical activity, sedentary hours, calcium and vitamin D supplement use, diagnosis of osteoporosis, bisphosphonate use, and hormone therapy (postmenopausal women). Regression analyses for BMD were repeated both with/without BMI as a covariate. In addition to the main protein analyses, separate models for all outcomes were run testing heterogeneity by protein source (dairy vs. non-dairy, plant vs. animal) as well as the protein source specific association (dairy, non-dairy animal, plant). For missing data, we performed sensitivity analyses for BMD outcomes comparing exposures among those in a specified category (died, no Year 5 interview, missing BMD, missing covariates) vs. the remaining sample and found no statistically significant between-group differences for any of TEI, total protein intake or protein intake by source. We also assessed fracture outcomes among those present at Year 2 with and without exposure assessment and with and without complete covariates and found that the missing data was not associated with age-adjusted fracture risk. All analyses were performed with Stata (Version 12) (College Station, Texas, USA). Table 1 shows the median and interquartile ranges of all the exposure parameters (TEI, total protein, protein intake by category, and conversion to %TEI) overall and by sex and age strata. The median daily energy intake was 1615 kcal overall, with medians of 56.9 g, 11.6 g, 17.6 g and 24.3 g of protein from all sources, dairy sources, non-dairy animal sources, and plant sources, respectively. There were small but statistically significant differences in the distribution of exposure variables by sex with men having slightly higher TEI, total protein intake, non-dairy animal protein intake, and plant protein intake, but slightly lower dairy protein intake than women. However, when expressed as %TEI, women had higher intakes of total, dairy and plant-based protein compared to men. Those younger than 50 years of age at baseline had slightly lower total protein, dairy protein, and plant protein intake but higher nondairy protein intake than those 50 years and older. The median protein intake by body weight was 0.79 g/kg per day, and there were significant differences by age and sex with higher protein intake by body weight among women vs. men and among those 50 years and older vs. those who were younger.
Results
Cross-sectional BMD Models with Year 5 BMD as the main outcome all demonstrated statistically significant heterogeneity by protein source (plant vs. animal sources or dairy vs. non-dairy); therefore all results are presented with protein intake by source. Table 2 shows the associations between protein intake by source and total hip and lumbar spine BMD after adjustment for potential confounders. There were positive associations between dairy protein intake and total hip BMD, which were statistically significant among men and postmenopausal women 50+ y old and having the same direction among younger participants; there were negative associations between plant-based protein and total hip BMD that were statistically significant only among women, but again having the same direction in all subgroups. There were no statistically significant associations between non-dairy animal protein intake and total hip BMD.
There were positive associations between dairy protein intake and lumbar spine BMD, which were statistically significant among men; there were negative associations between plant-based protein and lumbar spine BMD that were statistically significant only among postmenopausal women aged 50+ y. There was a negative association between nondairy animal protein and lumbar spine BMD among women aged 25-49 y (statistically significant) with a similar association in younger men, while the reverse association was noted in older women. Figure 2 shows the association between protein intake by source and total hip and lumbar spine BMD after further adjustment for BMI. BMI-adjusted associations between plant protein intake and total hip BMD were attenuated and no Data shown are regression coefficients and 95% CI. Regression analysis performed with standardized variables, dairy protein: 1 SD=2.3% TEI, non-dairy animal protein: 1 SD=1.9% TEI, plant protein: 1 SD=1.5% TEI. All models adjusted for age, height, TEI, center, education, smoking, alcohol intake, physical activity, sedentary hours, calcium and vitamin D supplement use, hormone therapy (women 50+ y), bisphosphonate use (50+ y), and diagnosis of osteoporosis (50+ y). The associations for which the 95% confidence interval excludes the null effect (p < 0.05) are indicated by an asterisk (*).
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longer statistically significant, while the positive associations between dairy protein and total hip BMD remained statistically significant. The adjustment for BMI had less effect at the spine, where all significant relationships remained after the adjustment except for the association between non-dairy animal protein and lumbar spine BMD among women aged 50+ y that was present without the adjustment for BMI. 
Figure 2
The
Longitudinal changes in BMI and BMD
We found statistically significant heterogeneity in one model with change in BMD from baseline to Year 5 as outcome and some evidence of heterogeneity among women in general (p < 0.10). Given that the cross-sectional models showed heterogeneity by protein source, we also considered protein intake by source in the longitudinal models (see Table 2 ). Higher dairy protein intake was associated with attenuated bone loss at the hip for postmenopausal women 50+ y old. The associations between dairy protein intake and change in total hip BMD in the other strata were similar but the 95% CI in these cases all included the null value. Higher plant protein was associated with greater bone loss at the lumbar spine for postmenopausal women 50+ y old, but with inconsistent results in other strata. There was no overall association between protein intake and BMI change and no heterogeneity by source. Therefore, while models for BMD change that included BMI change had improved model fit, the point estimates were minimally affected (data not shown).
Incident Fracture Risk
Between the Year 2 and Year 15 follow-up, there were 507 incident fragility fractures in 3202 women (mean 9.5 y, total 30,400 person years (p-y) follow-up) and 90 incident fragility fractures in 1341 men (mean 9.7 y, total 13,000 p-y followup). There were 437 incident main fractures in 3223 women (mean 9.6 y, total 31,000 p-y follow-up) and 81 incident main fractures in 1347 men (mean 9.7 y, total 13,000 p-y follow-up). Those with incident fracture were on average older and were more likely to have had a previous fragility fracture (data not shown). Table 3 shows the association between quartile of protein intake and incident fracture in models adjusted only for age and in models including all covariates. There was no statistically significant heterogeneity by source of protein, and thus all results are presented only for total protein intake. Inclusion vs. exclusion of those with missing covariates had very little impact on the observed point estimates. The point estimates shifted slightly with adjustment for potential confounders in the full model. Women in the bottom quartile had the highest estimated risk of both fragility fracture and main fracture while women in the second from top quartile had the lowest risk. Men in the bottom quartile also had the highest risk of fragility fracture and main fracture, but the quartile with the lowest risk was less clear.
Figure 3
The Association between Protein Intake as % of Total Energy Intake (%TEI) and Incident Fragility (Low-Trauma) Fracture and Incident Main Fracture among Men 50+ y and Postmenopausal Women 50+ y
The solid black line is the hazard ratio, while the dotted lines indicate the range of the 95% CI. All models adjusted for age, height, TEI, center, education, smoking, alcohol intake, physical activity, sedentary hours, calcium and vitamin D supplement use, hormone therapy (women only), bisphosphonate use (women only), and diagnosis of osteoporosis (women only). Figure 3 shows the non-linear relationship between protein intake as %TEI and incident fragility fracture as determined by cubic splines. Both men and women with protein intakes higher Volume 19, Number 8, 2015 than 15% TEI had roughly similar fracture risk to those with intakes of 15% TEI. Men and women with intake below 15% TEI had increased risk in a dose response fashion with women <12% TEI and men <11% TEI having statistically significant increased risk compared to those with intakes of 15% TEI. Consideration of the four main osteoporotic fracture sites yielded non-linear associations very similar to those described above for incident fragility fractures.
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Discussion
Low protein intakes (<11-12% TEI) in our data were associated with increased risk of fragility fracture and main osteoporotic fracture in post-menopausal women and men ages 50+ y and older compared to moderate intake (15% TEI). Higher protein intakes (15-20% TEI) were associated with similar fracture risk when compared to moderate intake. We stratified by sex based on marked sex differences in risk factors for fracture, but we found that low protein intake was associated with roughly the same increased risk (about double) among both men and women. Our results suggest that the Acceptable Macronutrient Distribution Range of 10-35% protein includes values in the lower end that may be suboptimal, especially for those at high risk of fracture.
Unlike some previous protein intake and fracture studies (11;13), we did not find significant heterogeneity between animal vs. plant sources of protein with respect to fracture outcomes. Given the inconsistent results of other studies, this result is perhaps not unexpected, but given that we observed heterogeneity of BMD by protein source, it needs further explanation. BMD is the most important risk factor for fragility fracture (22) , but there are other risk factors for fracture, including those that increase the risk of falling (23) . Muscle strength is an important unmeasured risk factor that may play a role in the observed association between protein intake and fracture. It has been suggested that protein intakes above the RDA may lead to improved muscle mass, strength, and function in older adults (24) . A study in post-menopausal women found impaired muscle function among women with protein intake below vs above the RDA (25) . In the Women's Health Initiative, postmenopausal women with the highest protein intake had the lowest risk of frailty (a composite endpoint including measures of muscle strength and function) (26) . In the Health, Aging, and Body Composition study, community-dwelling men and women with the highest protein intake had the smallest decline in lean mass (27) . With regard to protein sources, a recent study in Chinese women found no association between total protein intake and muscle loss, but did find an association between lower protein intake from vegetable sources and increased bone loss (28) . Maintenance of muscle function may help preserve BMD, while loss of muscle mass or frailty can predict bone loss (29) (30) (31) and fracture (32) . In previous work we showed that a nutrient-dense diet was associated with lower fracture risk among post-menopausal women (33) . Thus, women consuming high levels of protein from plant sources might also have higher nutrient density leading to lower fracture risk for a given BMD. Finally, the present study may have been underpowered to find modest differences in effect on fracture by protein source.
We found heterogeneity by source in our cross-sectional analysis with BMD as outcome. Plant protein was associated with lower total hip BMD (significant for women) while dairy protein was associated with higher total hip BMD (significant for men and women 50+ y) with similar source specific associations noted at the lumbar spine. The review of Darling et al. considered all cross-sectional studies relating protein intakes to BMD, regardless of whether they considered animal vs. plant protein separately (9) . Furthermore, by assessing the relationship both with and without BMI we identified that there are relationships between protein intake and BMD that may be mediated by BMI (i.e. plant-based proteins, non-dairy animal protein), and relationships that are prominent even after adjustment for BMI (i.e. dairy intake). Thus, it is not entirely surprising that studies assessing the association between total protein intake and BMD might yield conflicting results, which may depend in part on the population, the underlying dietary patterns, and the distribution of the protein intake within the three sources of intake. We found that a higher intake of dairy protein was associated with higher BMD. A recent study has noted that dairy intake is concurrently associated with lower bone turnover markers and higher BMD (34) . One possible explanation for this finding is that dairy sources of protein have higher calcium content than non-dairy sources. Furthermore, dairy intake includes milk, which is fortified with vitamin D in Canada. This is supported by our previous findings that milk is associated with higher 25OHD levels in men and women (35) and that total calcium and total vitamin D intake over time are positively associated with BMD (36) . Furthermore, the vitamin D content of these sources should be highest in dairy protein, intermediate in non-dairy protein, and lowest in plant protein; thus if vitamin D intake contributes to the higher BMD, then the non-dairy animal protein group should have had an intermediate BMD between the dairy protein and plant protein groups, as observed. A second possibility is that other differences in nutrient content between dairy protein and nondairy protein sources may have beneficial effects on BMD. A third possibility is that the predominant source of protein in the diet is an indicator of other lifestyle factors that influence BMD, and which were not captured in the adjustment for known confounders.
Our longitudinal analyses showed that the cross-sectional differences observed at Year 5 were only slightly attributable to the change in BMD over the initial five years, and thus the main differences by intake were present at baseline as well. The time sequence means that if the association is causal then it is attributable to long-term average protein intake, which in turn is associated with the protein intake assessed at Year 2. Ideally, we would have had multiple dietary assessments to determine the stability of the total diet and dietary protein over time. We do know, based on an abbreviated FFQ, that dietary calcium intake is relatively stable over time in the CaMos cohort (36) . Other studies have shown that dietary patterns remain relatively stable over time (16) . Other studies have likewise observed effects in longitudinal analyses that were weaker than what would be predicted by the cross-sectional assessments.
The strengths of this study are the inclusion of major potential confounders and a large population-based sample. We also included both men and women, but did a stratified analyses allowing for sex-differences in risk factors and etiology of fragility fracture. We assessed protein intake by three source categories, differentiating between dairy and non-dairy animal protein (as the associated calcium content might affect bone parameters) and animal vs. plant-based proteins. We noted heterogeneous and opposing relationships, which could lead to relationships that could be in any direction for total protein, depending on the distribution by source. We performed complete case analyses, which in the present study only had a marginal effect on the confidence intervals. Sensitivity analysis for missing exposure data or missing outcomes found that those with missing data were similar to those who had data and were included in the study. The limited scope and specified portion size of the FFQ may yield biased estimates of absolute energy intake and hence the association between total intake and fracture risk might be biased toward the null (37) . Under-representation of ethnic minorities in the study may limit generalizability as less than 5% of the study population identified as non-white. The main findings concerning fracture are not generalizable to men and women younger than 50 years. Finally, we cannot rule out the possibility of residual confounding since low protein intake may be related to unmeasured confounders.
In summary, the balance of evidence from this study suggests that adequate protein (> 12% TEI, ideally 14-15% TEI) is an important modifiable risk factor associated with reduced risk of fragility fracture. We found no evidence of a negative effect of higher protein intake on any bone health outcome within the range of usual intakes (roughly 10-20% TEI).
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